or Am. J. Physiol.: Heart Circ. Physiol. 5(4): H554-H560, 1979.-The renal response to left atrial balloon inflation in normal dogs was compared with that in dogs with chronic congestive heart failure (CHF). CHF was induced by the production of an aortocaval fistula below the level of the renal arteries. CHF dogs showed elevated left ventricular end-diastolic pressure, enlarged hearts, a depression of myocardial contractility, pulmonary edema, ascites, and peripheral edema. They also showed significant decreases in urine flow, creatinine clearance, para-aminohippurate clearance, sodium and potassium excretion, fractional sodium excretion, osmolar clearance, arterial blood pressure, and heart rate. Balloon distension of the left atrium evoked a significant increase in urine flow and free-water clearance in the normal group. The reflex nature of this response was indicated by its blockade after bilateral cervical vagotomy. In contrast, the CHF group did not exhibit significant changes in urine flow or free-water clearance during balloon inflation.
Plasma antidiuretic hormone (ADH) was significantly elevated in the CHF group; however, balloon distension reduced plasma ADH in both groups of dogs. Plasma renin activity was significantly elevated in the CHF dogs and was not changed by balloon distension in either group of dogs. It is concluded that animals with high-output CHF do not exhibit the atrial-diuretic reflex in spite of their ability to reduce ADH levels by atrial distension. atrial distension; atrial receptors; a-v fistula; renal function; ADH LEFT ATRIAL DISTENSION has been shown to elicit a reflex diuresis in dogs by several investigators (11, 18, 31) . In addition, maneuvers that shift blood volume from the periphery to the thorax result in a diuresis and natriuresis in humans (8). It has been postulated that the diuresis is mediated through atrial stretch receptors whose stimulation results in an inhibition of antidiuretic hormone (ADH) release (8, 31) .
It is well known that patients with chronic congestive heart failure (CHF) whose left ventricular end-diastolic (LVEDP) and left atrial pressures (LAP) are elevated usually have depressed renal function. These patients exhibit salt and water retention, edema, and in many cases, hyponatremia (2, 6). Many patients with chronic CHF have high circulating ADH titers and increased urinary excretion of ADH (7, 36) . Furthermore, there is experimental evidence that the electrophysiological activity from atrial stretch receptors adapts in animals with chronic CHF (10, 39).
This study was undertaken to compare the renal and humoral effects of left atrial distension in dogs with highoutput CHF as a result of an aortocaval fistula with the effects in normal control dogs.
METHODS
The experiments were conducted on 13 male and female mongrel dogs (13-30 kg) separated into two groups. Group I consisted of eight normal dogs and group II consisted of five CHF dogs. All animals were housed in cages with access to adjoining outdoor runs and were fed standard laboratory chow and allowed water ad libitum.
Surgical preparation. Under sterile conditions a laparotomy was performed, the intestines were retracted, and the abdominal aorta and inferior vena cava were dissected free and isolated between the renal arteries and the iliac bifurcation. The aorta and vena cava and all connecting branches were clamped. Oval windows lo-15 mm long were cut into the aorta and vena cava below the renal arteries. They were then anastomosed side to side with 5-O Ethaflex suture. The occlusion clamps were then removed, hemostasis was ensured, and the incision was closed. The normal group consisted of unoperated controls. The CHF group received l,OOO,OOO U procaine penicillin G (Wycillin) each day for 3 days after surgery. The animals in group II recovered without note, except for the slow development of CHF. Each animal was weighed daily and checked for signs of ascites, pulmonary congestion, peripheral edema, and dyspnea.
Experimental protocol. The experimental procedure described below was done approximately 8 wk after the creation of the arteriovenous (a-v) fistula (57.8 t 7.6 days). Each animal was anesthetized with pentobarbital sodium (35% mg/kg iv) with supplemental anesthetic administered as needed throughout the experiment. Polyethylene catheters were placed in a femoral artery and vein for intravenous infusion and blood sampling. Arterial blood pressure was measured using a transducertipped catheter (Millar, Houston, TX) inserted into a femoral artery. The animals were placed on positivepressure respiration using room air supplemented with ATRIAL DISTENSION IN HEART FAILURE 100% oxygen, and a left thoracotomy was performed in the fourth intercostal space. The pericardium was opened and a no. 12 French Foley retention cathether was inserted into the left atrium through the atrial appendage. Left atrial pressure was measured with a transducertipped catheter (Millar) inserted into the left atrium through a small pulmonary vein. Hemostasis was ensured and the chest was left open, but covered with plastic wrapping. The ureters were catheterized with polyethylene tubing through a small suprapubic incision. Arterial blood gases and pH were monitored periodically (Radiometer, Copenhagen) and were kept within normal limits.
After surgery, each animal was given an intravenous injection of 150 ml isotonic saline to replace evaporative and surgical fluid loss. An infusion of creatinine and para-aminohippurate (PAH) in isotonic saline was begun after a priming injection. Sufficient creatinine and PAH were infused at a rate of approximately 2 ml/min to keep plasma levels constant at lo-15 mg/lOO ml creatinine and l-3 mg/lOO ml PAH. After a stabilization period of approximately 1 h, timed urine collections were started. Three consecutive lo-min collection periods in which urine volume did not vary by more than 10% were averaged and were used for control urine flow rate and control plasma clearances. Arterial blood samples (9 ml) were drawn at the midpoint of every other urine collection and were immediately replaced with an equal volume of 0.9% sodium chloride. Hematocrits were determined by microcentrifugation.
The cells were immediately spun down and separated from the plasma. The cells were resuspended in 6% dextran in isotonic saline and returned to the dog. After the three control urine collections the left atrial balloon was inflated with an amount of isotonic saline sufficient to cause the greatest elevation of left atrial pressure with a minimal fall in arterial blood pressure. The volume of saline needed to distend the balloon appropriately was lo-20 ml. The balloon was left inflated for three to five urine collection periods and then deflated. When urine flow had returned to control values, a second balloon inflation was done.
Blood samples for the measurement of the plasma ADH and renin concentration were taken just prior to inflation of the atrial balloon, 20-25 min after initiating the inflation at which time a, steady-state change in renal function occurred, and 20-25 min after recovery from inflation in seven normal dogs and in five CHF dogs. ADH was extracted from plasma with Bentonite by a modification (M. Miller, personal communication; R. E. Shade, and L. Share, manuscript in preparation) of the procedure described by Skowsky et al. (28) and was measured by radioimmunoassay (23), with the USP Posterior Pituitary Reference Standard used as the standard. The ADH antiserum used in the radioimmunoassay is highly specific and does not cross-react with lysine vasopressin, arginine vasotocin, oxytocin, or angiotensin I and II. Recovery of arginine vasopressin added to dog plasma averaged 80.0 t 2.1% (n = 25). Betweenand within-assay variabilities were 8.9% and 7.3 t 1.4%, respectively. Plasma renin activity (PRA) was measured with a modified (35) commercially available kit (Squibb angiotensin I Immunotvpe kit).
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At the conclusion of the experiment the animals were killed with an intravenous injection of saturated potassium chloride. The hearts and kidneys were removed, rinsed, and weighed.
Sodium and potassium in plasma and urine were analyzed by flame photometry (Radiometer, FLMl) . Osmotic concentrations were measured by freezing point depression (Precision Systems, Osmette S). Plasma and urine concentrations of PAH and creatinine were measured using the AutoAnalyzer (Technicon). Standard clearance formulas were employed. Repeated measures analysis of variance and paired t test were used for statistical analysis; P < 0.05 was used as the level of significance.
RESULTS
The dogs with an a-v fistula showed signs of ascites, hindlimb edema, and pulmonary congestion at the time of the acute study. The normal animals appeared healthy.
The preinflation values in Table 1 show that the LAP of the heart-failure dogs was significantly greater than that of the normal animals whereas the mean arterial blood pressure (MABP) of the heart-failure group was significantly lower than in the normal dogs. Heart rate was slightly but significantly lower in the heart-failure group than in the normal group. Heart shadows analyzed from X rays taken before and after establishment of the a-v fistula in four dogs showed marked cardiac dilatation. Figure 1 shows the hemodynamic effects of left atria1 balloon inflation in a representative dog. There is a rise in LAP of approximately 15 cmH20, whereas MABP only changed by about 10 mmHg. There was no significant change in MABP or heart rate during balloon inflation (Table 1) . However, LAP was significantly elevated in both groups of dogs.
Technicially, five CHF dogs maintained adequate renal functions during 9 left atria1 balloon inflations and so did eight normal dogs during 20 balloon inflations. Figure 2A shows data from a representative normal dog and Figure  2B shows the results from a CHF dog. Balloon inflation resulted in an increase in LAP in both animals with a slight fall in arterial pressure. Urine flow rose in the animal. Although there was a progressive fall in sodium normal animal whereas it remained fairly constant in the excretion in the CHF dog depicted here (Fig. 2B) in either animal. Free-water clearance increased in the normal dog in response to balloon inflation but did not change in the CHF dog. The mean renal function data from the normal and CHF animals are shown in Table 2 .
There was a significant increase in urine flow and freewater clearance during balloon inflation in the normal dogs but not in the CHF dogs. There were significant differences between the CHF and the normal animals in urine flow, creatinine clearance, PAH clearance, filtration fraction, sodium excretion, fractional sodium excretion, potassium excretion, and osmolar clearance. Free-water clearance was significantly different between the two groups only in the inflation period. Balloon inflation resulted in a rise in urine flow and free-water clearance only in the normal group even though the changes in LAP and MABP were similar in both the normal and CHF dogs.
After the demonstration of the diuretic response to balloon distension in three normal dogs, bilateral cervical vagotomy was performed and balloon inflation was repeated after approximately 1 h. Creatinine clearance and PAH clearance were measured in only two of these three dogs. Table 3 shows the response to balloon inflation after cervical vagotomy. Although a comparable increase in LAP occurred after vagotomy, there was no increase in urine flow, sodium excretion, free-water clearance, or MABP. Because of the small n in this table, statistical analysis was not applied to this data.
Plasma concentration of ADH was measured prior to inflation of the left atrial balloon, during inflation (after 20-25 min), and during the recovery from inflation in both the normal and CHF dogs (Fig. 3) . At all three times, the plasma concentration of ADH in the CHF dogs was approximately four times that in the normal animals (P < 0.01). Distension of the left atrium results in a reduction in the plasma ADH concentration to a similar degree in both groups (P c 0.05): 46% in the normal dogs and 43% in the CHF dogs. In the recovery period, plasma ADH concentrations returned to approximately initial levels. There were no significant changes in plasma osmolality in either the inflation or recovery periods. Plasma renin activity is shown in Table 4 . Rest- ing values are significantly higher in the CHF dogs than in the normal controls (P < 0.01). However, there was no significant change in renin activity in either group during or following atrial distension. 
DISCUSSION
The model used to produce chronic CHF was chosen in the present experiment for two reasons. Because it was assumed that the diuretic response to atrial distension was the result of stimulation of atrial stretch receptors, a surgical model that necessitated thoracotomy and thoracic dissection would jeopardize the integrity of left atria1 afferents. Second, thoracic adhesions may restrict the degree to which the atrium can stretch during production of chronic CHF. The technique of a-v fistula seemed an ideal way of establishing dilatation withou t entering the thorax a chronic cardiac Although we did not perform consistent cardiac catheterization studies, the a-v fistula dogs in this study were prepared in an identical fashion to dogs reported in a previous study (39) . In that study cardiac catheterizations were performed in CHF and sham-operated animals lightly anesthetized with pentobarbital and breathing spontaneously. That group of dogs had elevated left ventricular end-diastolic pressures and cardiac outputs. The decrease in MABP was similar to the decrease in the present study. The significantly elevated LAP, lower MABP, ascites, and pulmonary congestion of the dogs with a-v fistula in the present study compared to the values for normals provide reassurance that these animals were indeed in a state of chronic congestive heart failure at the time of the acute experiment.
Left atria1 balloon distension always produced an increase in urine flow in the normal dogs. These results are in accord with those of Henry et al. (11) and others using a similar preparation in both anesthetized and conscious animals (l&31). The reflex nature of the response can be seen by the failure to observe a diuretic response to balloon inflation after bilateral cervical vagotomy (Table  3 ). The mechanisms whereby atria1 distension results in a diuresis remain controversial. Several groups of investigators have shown evidence for a reflex inhibition of ADH release as a result of left atrial distension (1, 5, 12, 25, 27, 31) , a finding confirmed in the present investigation. On the other hand, there are those who are of the opinion that neither left atrial receptors nor ADH is involved in the diuretic response to atrial balloon distension (9). Kappamda et al. (14) have presented evidence that ADH is not involved in the diuresis to left atria1 distension. Furthermore, these workers have presented evidence of the existence of a prodiuretic factor that can be obtained from dogs undergoing a diuresis as a result of left atrial balloon distention (13).
Of seven groups of investigators who have directly measured ADH by radioimmunoassa .y or b ioassay after inflation of a balloon in the left atrium in the anesthetized dog, six have reported a reduction in the plasma concentration of ADH (1, 5, 12, 25, 27, 31) ; only Kappagoda et al. (14) have failed to find this effect. However, in view of the nature of their bioassay, their ADH measurements are questionable. Our report provides one further confirmation that distension of the left atrium inhibits the release of ADH in the dog with normal cardiac function, as well as in the dog with experimental congestive failure.
The possibility exists that the elevated plasma ADH levels in the CHF dogs were due to the greater stress of surgery and anesthesia in this group of dogs than in the normal controls. However, several reports of plasma ADH in conscious dogs and humans with CHF (3, 7, 30, 36) indicate elevated levels in this state as well. Another factor that may have contributed to the elevated plasma ADH concentration in the CHF dogs is the low arterial pressure observed in these animals. Although an acute reduction in arterial pressure is a stimulus for ADH release (26), no information is available on the effects of chronic hypotension on the secretion of ADH. Because the kidneys and liver are primarily responsible for the removal of ADH from the circulation (17), a reduction in blood flow to these organs could result in a decreased metabolic clearance of ADH (24). It seems unlikely that this alone could cause a maintained elevation of the plasma ADH concentration as long as the volume and osmotic feedback control of ADH secretion remain intact. However, decreased sensitivity of atrial receptors (10, 39) could result in an impairment of the volume control of ADH release.
In contrast to the normal dogs, the dogs with chronic CHF failed to show a diuretic response to atrial balloon distension. In a previous study using chronic CHF dogs (39), we showed that the discharge sensitivity of left atria1 stretch receptors is significantly depressed when left atrial pressure is altered over a wide range by volume expansion. This study confirmed the previous findings of Greenberg et al. (lo) , who observed a similar depression of atrial receptor sensitivity in dogs with chronic CHF as a result of tricuspid avulsion and pulmonary artery stenosis. The mechanisms of this depressed atrial receptor sensitiv ity appears to be related both to decreased compliance of the atrium as well as to morph .ological changes in the receptor ending itself. We have found substantial disruption and fragmentation of the atrial receptor ending in dogs with chronic CHF (39). Of particular interest is the present observation that circulating levels of ADH in the CHF dog were four times those in the normal animals. This is consistent with a decreased sensiiivity of the atrial receptors (10, 39). However, because both the control dogs and the CHF dogs responded to balloon inflation with similar reductions in the plasma ADH concentration, the ability of these receptors to respond to a large or maximal stimulus, such as that imposed in the present experiments, may not be impaired. This observation may indicate that the modulation of ADH secretion by volume receptors is related to some discharge parameter other than the number of spikes per cardiac cycle.
It is not surprising that there was no increase in urine flow in the CHF dogs during atrial distension. The plasma ADH concentration during the period of atrial distension averaged 10.2 t 3.3 pU/d in these dogs, a level consid-
